Synthetic representations of biological cellularity are becoming increasingly attractive as models for understanding the chemical and physical basis of minimal cell structure and function, 1-4 exploring scenarios related to the emergence of life on the early earth, [5] [6] [7] and developing future technologies geared towards autonomously functioning microscale compartments such as self-regulating bioreactors. [8] [9] [10] In particular, considerable progress has been made recently in the design and construction of synthetic membranedelineated compartments based on phospholipid and fatty acid vesicles, 11-13 colloidosomes [14] [15] [16] and block copolymer vesicles (polymersomes). [17] [18] [19] [20] The latter have been exploited for the confinement of enzyme-mediated transformations, including cascade reactions in which different proteins are encapsulated within the polymersome aqueous interior, bound to the membrane, or added to the external medium. [21] [22] [23] [24] [25] [26] In related studies, protein-polymer nanoconstructs in the form of "giant amphiphiles" have been exploited for the spontaneous assembly of nanoscale vesicles. 22 We have recently developed this approach for the construction of a new type of compartmentalized micro-architecture (proteinosomes) based on the assembly of amphiphilic protein-polymer nano-conjugates at water droplet/oil interfaces. 27 Assembly of the protein-polymer membrane was not utilized simply as a means of emulsion stabilization, 28, 29 but as a functional microscale enclosure for the design and construction of a novel type of synthetic protocell that could be transferred into water and exploited as a biomimetic microcompartment. 27 Herein we develop this notion by preparing proteinosomes comprising a triad of enzyme-polymer amphiphilic building blocks capable of operating together as a multi-step membrane-mediated cascade system (Fig. 1) . We demonstrate how the co-location or spatial separation of the three different enzymepolymer nano-conjugates, as well as temperature-dependent changes in the conformation of the covalently attached polymer chains located on the external surface of the proteinosome membrane, can be used to regulate membrane-mediated cascade reactions. Glucose amylase (GA, M w = 97 kDa), glucose oxidase (GO, M w = 160 kDa, dimer) and horseradish peroxidase (HRP, M w = 40 kDa) were used to prepare enzyme-PNIPAAm amphiphilic nanoconjugates by amide coupling of mercaptothiazoline-activated poly(N-isopropylacrylamide) (PNIPAAm) chains (M w = 8,800 gmol approximately 9 nm in size (Figs S1-S3, Tables S1-S3, ESI †). Addition of an equimolar aqueous mixture of the three enzymepolymer nano-conjugates (2.0 mg/mL) to 2-ethyl-1-hexanol at an aqueous/oil volume fraction of 0.06 produced a dispersion of 15-30 µm-sized proteinosomes ( Fig. 2a ), which were stable when partially dried in air (Fig. 2b) , and could be transferred into water without loss of structural integrity by cross-linking the membrane with PEGbis(N-succinimidyl succinate) (M w = 2000) (Fig. 2c) . The hollow micro-architecture was clearly visible in transmission electron microscopy images, which showed collapsed but structurally intact proteinosomes (Fig. 2d ). Co-location of the three enzymes in the protein-polymer membrane was confirmed by confocal fluorescence microscopy on proteinosomes prepared from enzyme-polymer nanoconjugates with different fluorescence signatures. For this, we prepared rhodamine B isothiocyanate-labeled cationized GA (RBITC-GA-NH 2 , red), fluorescein isothiocyanate-labeled cationized GO (FITC-GO-NH 2 , green) and DyLight 405-labeled cationized HRP (DL405-HRP-NH 2 , blue) prior to attachment of the PNIPAAm chains and co-assembly of the multi-enzyme proteinosomes. The fluorescence images indicated that all three enzymes when mixed under equimolar conditions were coassembled and integrated into the cross-linked proteinosome membrane even though they were of significantly different molecular masses and sizes (Figs 2e-g). Given the spatial integration of the three enzymes, we assessed the functionality of the membrane ensemble with regard to a tandem reaction involving the biomolecular-catalysed hydrolysis of starch to glucose (GA), oxidation of glucose to gluconic acid and hydrogen peroxide (GO), and hydrogen peroxide-induced peroxidation of 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonate ([ABTS] 2-) by HRP. -formation (V 0 ) determined for a 1 : 1 : 1 aqueous mixture of the three enzyme-polymer nano-constructs dissolved in water, the membrane-localized tandem reaction was approximately ten-times slower ( Fig. 3a; respective V 0 values, 7.8 and 0.68 µM mg -1 s -1 ). Although we could not rule out changes in the secondary structure of the three enzymes, we attributed the decrease in activity of the cascade reaction to the effect of cross-linking of the enzyme molecules and polymer chain entanglement in the membrane, both of which could reduce the accessibility of active sites by constraining diffusion particularly of the macromolecular starch substrate within the protein-polymer matrix.
We also investigated whether regulation of the membrane-mediated cascade reaction could be achieved by temperature-dependent changes in the conformation of the covalently attached polymer chains that adopt an extended hydrophilic or folded hydrophobic state below or above the lower critical solution temperature of PNIPAAm (ca. (Fig. 3a) . We attributed the stimulusresponsive behavior of the multi-enzyme proteinosome membrane to loss of enzymatic activity associated with deswelling of the polymer chains above 33 o C and the subsequent reduced porosity and increased hydrophobicity of the enzyme-PNIPAAm enclosed shell. To elucidate the importance of spatial localization on the tandem reaction, we replaced one of the three enzyme-polymer amphiphilic nano-conjugate building blocks with the corresponding hydrophilic native protein, and dispersed the aqueous mixture of all three components in 2-ethyl-1-hexanol, followed by cross-linking and transfer into a continuous water phase. The resulting proteinosomes, which consisted of a membrane and aqueous interior comprising two cross-linked enzyme-PNIPAAm conjugates and a single soluble enzyme, respectively, were then incubated with starch and [ABTS] 2-, and the initial rates of product formation determined. As summarized in Fig. 3b , the V 0 values were essentially unchanged when native GO or HRP was encapsulated in proteinosomes comprising membranes co-assembled from GA-NH 2 /PNIPAAm and HRP-NH 2 /PNIPAAm, or GA-NH 2 /PNIPAAm and GO-NH 2 /PNIPAAm building blocks, respectively. As a consequence, glucose oxidation (step 2) and [ABTS] 2-peroxidation (step 3) were not influenced by the location of the respective enzymes, indicating that the small molecule intermediates (glucose, hydrogen peroxide) and [ABTS] 2-substrate readily diffused into and out of the proteinosome interior. In contrast, V 0 was reduced by ca. 90% when native GA was encapsulated within the aqueous interior of proteinosomes comprising a membrane of cross-linked GO-NH 2 /PNIPAAm and HRP-NH 2 /PNIPAAm nano-conjugates, and starch macromolecules (M w = 50-200 kDa) added to the continuous aqueous phase (Fig. 3b) . As previous studies showed that macromolecules with molecular weights above ca. 40 kDa were retained within or excluded from the proteinosomes dispersed in water, [27] we attributed switching off of the tandem reaction when GA was relocated into the aqueous interior to diffusion-limited uptake of starch macromolecules across the proteinosome membrane.
Experiments were also undertaken at 25 o C in which three different populations of proteinosomes, each comprising a single enzymepolymer cross-linked membrane building block (GA-NH 2 /, GO-NH 2 /, or HRP-NH 2 /PNNAAm), were mixed and the cascade reaction initiated (Fig. 3b) . Under these conditions, V 0 was decreased by ca. 23% compared with proteinosomes comprising all three of the nanoconjugates. The results indicated that co-location within the membrane increased the catalytic efficiency of the tandem reaction, presumably by reducing diffusional constraints associated with the transfer of intermediates in the cascade process.
In conclusion, we demonstrate the design, construction and utilization of a new type of compartmentalized micro-architecture based on the interfacial co-assembly of an ensemble of functionally integrated enzyme-polymer nano-conjugates. The amphiphilic enzyme-NH 2 /PNIPAAm nano-conjugates can be readily prepared by a robust synthetic methodology, and used as combined structural and functional building blocks for the assembly of a semi-permeable catalytically active proteinosome membrane. We show how the assembly and spatial separation of the triad of enzymes within the proteinosome membrane, as well as temperature-dependent changes in the conformation of the covalently attached polymer chains located on the external surface of the proteinosome membrane, can be used to regulate a three-step surface-mediated cascade reaction. 
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